INTRODUCTION
The plant pathogenic fungus Fusarium oxysporum is able to cause disease in a wide range of host plants (Agrios 1997) . Within this fungal species several forma specialis are discerned. Each forma speciales is pathogenic to only one or a limited number of host species. For example, Fusarium oxysporum f.sp. lycopersici (Sacc) Snyd. & Hans is able to cause wilt disease in tomato plants (Agrios 1997) . Colonization of tomato plants by Fusarium oxysporum f.sp. radicis-lycopersici Jarvis & Shoemaker results in crown and root rot (Jarvis 1988) . Fusarium oxysporum f.sp. gladioli Snyd. & Hans causes corm rot, yellows disease and shoot length reduction of Gladiolus (Nelson et ai, 1981) .
Fungal cells are generally surrounded by a rigid cell wall. This structure not only confers shape to the cell but is also involved in mating, adherence to substrates, vegetative (in) compatibility and protection of the cell. Fungal colonization of a plant brings cells of both organisms into close contact. It is, therefore, conceivable that fungal cell wall molecules play a role in the interaction with its host. To identify such components we have begun a study of the composition and architecture of the cell wall of Fusarium oxysporum.
Previous studies of a limited number of Fusarium spp. have shown that that the cell wall is composed of N-acetyl-glucosamine, glucose, galactose, mannose, glucuronic acid and proteins (Skujins et al, 1965; Barran et ai, 1975; Barbosa and Kemmelmeier, 1993) . The main polysaccharides found in these walls were chitin and ß-glucan. Both chitin and glucan of the F. oxysporum cell wall have been studied in more detail. Chitin may become partially deacetylated; resulting in chitin chains spaced by stretches of glucosamine residues (Fukamizo et al., 1996) . ß-l,3-Glucan was found to be branched by single 1,6-linked Dglucose residues (Bruneteau et al, 1992) . Cell wall proteins of Fusarium have not yet been studied extensively. However, the cell wall proteins that have been analyzed were glycosylated. Analysis of glycan chains attached to these proteins showed that they were composed of glucose, mannose, galactose and glucuronic acid (Jikibara et al., 1992) .
The purpose of this study was to determine the chemical and structural composition of the F. oxysporum cell wall. Chemical analyses showed that these hyphal walls are composed of (N-acetyl)-glucosamine, glucose, mannose, galactose, uronic acid and proteins. X-ray diffraction analysis revealed the presence of polymeric N-acetyl-glucosamine (chitin) and glucose (ß-l,3-glucan and oc-l,3-glucan) . Electron microscopy showed the cell wall to be composed of two layers. More specifically, lectin binding studies demonstrated that chitin is located at the inner side of the wall and is masked in part by an outer layer of glycoproteins.
MATERIALS AND METHODS
Fungal cultures. Race 1 (isolate Fol-001) and race 2 (isolate Fol-007) of Fusarium oxysporum f.sp. lycopersici, Fusarium oxysporum f.sp. radicis-lycopersici (isolate FV88-2, PBN Naaldwijk) and Fusarium oxysporum f.sp. gladioli (isolate G2, Bulb Research Centre Lisse) were cultured on PDA plates at ambient temperature. From these plates a conidial suspension was prepared by washing the mycelium with sterile deionized water. Mycelial fragments were subsequently removed by filtration through glass-wool. Micro-conidia were added to 300 ml Czapek Dox liquid medium (Oxoid) at a final concentration of 1.10 5 conidia ml" 1 . Liquid cultures were incubated at 24 °C on a reciprocal shaker (80 strokes . min') for three days. At this stage the mycelium was still in the exponential growth phase. Subsequently these cultures were filtered through one layer of miracloth (CalBiochem) in order to remove micro-conidia. The mycelium was resuspended in deionized water, filtered again through miracloth and was finally collected on an 8-um pore size filter (Sartorius).
Isolation of cell walls. To isolate cell walls, 1.4 g (fresh weight) mycelium was added to a tube containing 10 ml buffer (10 mM Tris/HCl, pH 7.8, and 1 mM PMSF) and 9.0 g of glass beads (diameter 0.5 mm). The mycelium was disrupted by successively shaking the tube with a Vortex (1 min at maximum speed), a Griffin shaker (30 min, half-maximum speed in a cold room at 5 °C) and again on a Vortex (1 min at maximum speed). As observed by light microscopy, this procedure rendered hyphae free of cytoplasm. After separation of the homogenate from the glass beads, cell walls were collected by centrifugation (2,000 rpm, 5 min) and washed three times with ice-cold 1 M NaCl and three times with ice-cold deionized water, both containing 1 mM PMSF. The cell wall suspension was stored at -20 "C.
Cell wall analysis. Cell walls were thawed and boiled for 5 min in 50 mM Tris-HCl buffer (pH 7.8) supplemented with 2% SDS, 100 mM Na-EDTA, 40 mM ß-mercaptoethanol and 1 mM PMSF (Elorza et ai, 1985) to remove non-covalently bound proteins. Cell walls were collected by centrifugation, extracted for a second time, and washed six times with deionized water supplemented with 1 mM PMSF. Covalently bound cell wall proteins were released by boiling in 1 M NaOH for 10 min (1 mg dry weight. ml" 1 NaOH) and were quantified with the bichinchonic acid reagent, as described by Smith et al. (1985) using BSA as a reference . To monitor whether all cell wall proteins were released, the cell wall residue was examined by the same procedure. No proteins were detected in the residue. Neutral hexoses were quantified by the resorcinol-sulfuric acid method (Monsigny et al, 1988 ) using glucose as a reference. For this assay, cell walls were first solubilized in 72 % (v/v) H,S0 4 (1 h, at ambient temperature). To quantify uronic acids, cell walls were first solubilized in 81 % (v/v) H 2 S0 4 (1 h, at ambient temperature) and than assayed with harmine (Wardi et al, 1974) or mhydroxydiphenyl (Blumenkrantz and Asboe-Hansen, 1973) , using glucuronic acid as a reference. Cell walls dissolved completely in both 72 % and 81 % (v/v) H 2 S0 4; these were also the final concentrations of H 2 S0 4 used in these assays. (N-acetyl)-glucosamine was quantified by the method of Johnson (1971) after hydrolysis of the cell wall in 6 N HCl (8 h, at 100 °C). Complete hydrolysis of chitinaceous compounds was observed under these conditions. To remove HCl, hydrolyzed samples were lyophilized and the residue was dissolved in deionized water.
High pH anion-exchange chromatography with pulsed amperometric detection. (HPAEC-PAD)
To determine the carbohydrate composition of SDS-extracted cell walls, an amount of cell walls equivalent to 100 nmoles glucose was hydrolyzed for 4 h at 100 °C in 2 M trifluoroacetic acid (TFA). After removal of TFA by freeze-drying, the residue was dissolved in deionized water. Monosaccharides were separated on a Dionex CarboPac PA-1 anion-exchange column (4 x 250 mm), equipped with a CarboPac guard column (3 x 25 mm, Dionex). Elution was performed with 15 mM NaOH, using a flow rate of 1 ml rriin', and a pulsed amperometric detector equipped with a gold electrode detected separated monosaccharides. The following pulse potentials were used: Ei=0.05 V (ti=300 ms); E2=0.6 V (t2=300 ms); E3=-0.8 V (t3=480 ms). The resulting data were integrated and plotted using Dynamax software (Rainin Instrument Co, Inc.).
X-ray diffraction. Hyphal walls from Fusarium oxysporum f.sp. lycopersici race 2, were extracted with 1 M KOH at 60 °C for 20 min under nitrogen. The alkaline extract was acidified with acetic acid to pH 5.0 and the precipitate collected by centrifugation. The alkaliinsoluble fraction was washed with water and boiled in 0.5 M HCl for 1 h. Undissolved material was collected and freeze-dried. X-ray diffraction patterns were obtained from powdered freeze-dried samples. Spectra were recorded on a flat-film camera at a distance of 40 mm from the specimen. Ni-filtered Cu Ka radiation was used from a Philips fine focus tube. Purified a-l,3-glucan isolated from hyphal walls from Schizophyilum commune was used as reference (Sietsma and Wessels 1977) . Chitin as reference was obtained by dissolving crustacean chitin (Serva) in concentrated HCl, precipitation with 2 volumes of ethanol, washing with water and freeze drying.
Transmission electron microscopy. Three-day-old mycelium of Fusarium oxysporum f.sp. lycopersici race 2 grown in Czapek Dox liquid medium (Oxoid) was collected on miracloth (CalBiochem). This mycelium was SDS-extracted as described above or treated with 0.5 mg pronase E (Sigma) for 24 h (37 °C) in phosphate buffer (pH 7.5) supplemented with 0.02 % sodium azide (NaN3). Non-treated and treated mycelia were fixed with 2 % glutaraldehyde in phosphate-buffered saline (PBS). Mycelia were post-fixed with 1% osmium tetroxide and subsequently dehydrated in a graded series of ethanol and embedded in LR-White. Ultrathin sections were made with an ultramicrotome and stained with uranyl acetate (2.0 %) and lead citrate (0.2 %).
Light microscopy. Fifteen-hour-old mycelium of Fusarium oxysporum f.sp. lycopersici race 2 was collected on a 0.15-pm pore size filter (Sartorius) and resuspended in PBS. Young mycelium was chosen mainly for two reasons. First, in contrast to older mycelium young mycelium can still be spun down in an Eppendorf tube, which facilitates subsequent washing steps. Second, hyphae of older mycelium tend to intertwine, which complicates the viewing of separate hyphal tubes. For fluorescence microscopy, unfixed hyphae were treated for 1 h with 50 ug ml" 1 fluorescein isothiocyanate-labelled wheat germ agglutinin (WGA-FITC) or 100 ug ml" 1 fluorescein isothiocyanate-labelled Concanavalin A (ConA-FITC) in PBS. Hyphae that had been treated with ConA-FITC or WGA-FITC were also stained for 10 min with Calcofluor white (1 ug ml" 1 ). Non-bound dye was removed by washing the hyphae several times with PBS. Hyphae were mounted in glycerol/PBS (1:1; v/v) and examined under an Olympus epifluorescence microscope (fitted with DM-500, BP-490 and EY-455 filters). To examine the structure of the hyphal cell wall, mycelia were treated with 0.5 mg pronase E for 24 h (37 °C) in a phosphate buffer (pH7.5) supplemented with 0.02 % sodium azide (NaN3) or boiled for 10 min in 1 M NaOH.
RESULTS

Chemical composition of the Fusarium cell wall
Isolated cell walls of Fusarium oxysporum f.sp. lycopersici race 1 and race 2 (Foil and Fol2), Fusarium oxysporum ƒ. sp. radicis-lycopersici (Fori) and Fusarium oxysporum f.sp. gladioli (Fog) were analyzed for their chemical composition. To release non-covalently bound proteins and membrane fragments, isolated walls were first extracted with hot SDS. shows that the cell walls contained (N-acetyl)-glucosamine, neutral hexoses, uronic acid, and proteins. (N-acetyl)-glucosamine was quantified after the wall had been hydrolyzed in HCl, and constitutes 8 % to 11 % of the cell wall dry weight. The total amount of neutral hexoses was obtained after the wall had been completely dissolved in H 2 S0 4 and was found to constitute 63% -66% of the cell wall dry weight. The proportion and identity of each neutral hexose was determined by high-pressure anion exchange chromatography (HPAEC) after the wall had been hydrolyzed in TFA. By this method glucose, mannose and galactose were identified. Uronic acids were quantified after the cell walls had been dissolved in H,S0 4 . Quantification of uronic acids was carried out with two different methods (Blumenkrantz and Asboe-Hansen 1973 and Wardi et al. 1974) which both showed that 9-11 % of the cell wall dry weight consisted of acidic sugars. Covalently bound proteins were released from the cell
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walls by boiling in 1 M NaOH. Proteins that were present in the alkali-soluble fraction represented 7 to 8 % of the cell wall dry weight. Fol2 cell walls were subjected to X-ray diffraction analysis. The diffraction pattern of the alkali-soluble, acetic acidprecipitable fraction (Fig. 1 A) appeared to be identical with a similar fraction isolated from the walls of Schizophyllum commune (Fig. 1 B) which has been identified as a-1,3-glucan (Sietsma & Wessels 1977) . The most inner ring shown in the X-ray diffraction pattern of the alkali-insoluble fraction ( Fig. 1 C) indicates the presence of crystalline ß-l,3-glucan in this fraction (Hearn & Sietsma 1994) . The other diffraction rings are identical with the pattern obtained with crystalline chitin (compare Fig. 1 C with Fig. 1 D) . 
Electron microscopic examination of the Fol2 cell wall
Electron microscopy of three-day-old Fol2 mycelium revealed an electrontransparent layer at the exterior of the cell that was surrounded at both sides by an electrondense layer (Fig. 2 A) . The electron-dense character of the outer and inner layer suggests that they are enriched in proteins, whereas the electron-transparent layer is probably enriched in carbohydrates (Klis, 1994) . This was further investigated by SDS-extraction (Fig. 2 B) and pronase treatment (Fig. 2 C) . The electron-dense inner layer was sensitive to both SDSextraction and pronase digestion, whereas the electron-dense outer layer was largely resistant to SDS-extraction but sensitive to pronase digestion. These observations are consistent with the notion that both electron-dense layers are indeed enriched in protein. In view of its location, the inner electron-dense layer probably corresponds with the plasma membrane and adjacent periplasmic proteins. The outer electron-dense layer was sensitive to pronase digestion, but could not be removed by hot SDS, indicating that the proteins in this layer are tightly associated with the underlying electron-transparent layer. The electron-transparent layer was not affected by either treatment, consistent with its being enriched in carbohydrate polymers. Thus, it probably represents the skeletal layer. The outer electron-dense layer and the electron-transparent layer together spanned a distance of approximately 70 nm. 
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Labeling of Fol2 mycelium with ConA-FITC and WGA-FITC
Cell walls of intact Fol2 hyphae of fifteen-hour-old mycelium were further studied with the FITC-labeled lectins Concanavalin A (ConA) and wheat germ agglutinin (WGA). ConA and WGA bind to a-D-mannose and (N-acetyl)-glucosamine, respectively. These lectins were used to localize glycoproteins and chitin within the cell wall. As mannose is a part of the glycan moiety of these glycoproteins, ConA-FITC is able to reveal their location within the wall. For these labeling experiments, fifteen-hour-old mycelium was used instead of threeday-old mycelium, because only in younger mycelium single hyphae could be observed. This did not influence the observations, as labeling of fifteen-hour-old mycelium gave identical results as observed with three-day-old mycelium (results not shown). Labeling of hyphae with ConA-FITC resulted in an even fluorescence over the entire hyphal wall (Fig. 3 A) . Labeling of the cell wall by ConA-FITC suggests that mannose is located at the outside of the hyphal wall. Specificity of ConA for mannose was demonstrated with a-methylmannoside, which prevented labeling of the hyphal walls (not shown). Calcofluor white (CFW), a compound that binds to carbohydrates of ß-1,4 linked hexoses, notable chitin and cellulose, stained the lateral walls and also the septa (Fig. 3 B) . These septa were not visualized by ConA-FITC (compare Fig. 3 A with 3 B) . To determine whether mannose is a part of cell wall glycoproteins intact hyphae were treated with protease. Subsequent incubation of these hyphae with ConA-FITC resulted in erratic labeling of the hyphal cell wall (Fig. 3 C) , which corresponds well with the results shown in Fig. 2 C. This protease-induced loss of mannose indicated that mannose is linked to proteins which are exposed to the outside of the wall.
WGA-FITC, which has a molecular mass of 144 kDa, did not label or in some cases only faintly labeled the hyphal walls (Fig. 3 E) , whereas subsequent labeling with CFW, which has a much smaller molecular mass (Mw = 960 Da), resulted in strongly stained walls (Fig. 3 F) . This suggests that chitin is not accessible to large proteins such as WGA. To obtain further evidence for this, intact hyphae were pretreated with protease. Now, addition of WGA-FITC resulted in evenly stained hyphal walls (Fig. 3 I) , implying that normally chitin is masked, presumably by the outer electron-dense, proteinaceous layer. Hyphae were also extracted with 1 N NaOH, which is known to remove alkali-soluble cell wall components, including glycoproteins. After this treatment the lateral wall was also homogeneously labeled by WGA-FITC (Fig. 3 J) . Although less specific than the protease treatment, it lent further support to the idea that chitin is normally masked by the external protein layer and is located in the electron-transparent layer of the wall.
The hyphal tip appeared to be variable in its labeling with either ConA-FITC or WGA-FITC. In general, labeling of the hyphal tip by ConA-FITC was comparable to the labeling of the mature hyphal wall (Fig. 3 A) . However, occasionally the hyphal tip showed a more intense fluorescence after labeling with ConA-FITC (arrow Fig. 3 A) . The same holds for labeling of the hyphal tip by WGA-FITC ,which occasionally occurred (arrow Fig. 3 G) . As the same hyphae (Fig. 3 G) was also stained with CFW it elegantly demonstrates that the observed fluorescence with WGA-FITC is not an artifact but truly represents the tip of this hyphal tube (Fig. 3 H) .
DISCUSSION
Cell wall composition
In this paper we analyzed the composition and structure of the cell wall from the fungal plant pathogen Fusarium oxysporum. Carbohydrate polymers within this wall were identified as chitin, ß-l,3-glucan and oc-l,3-glucan. In filamentous fungi both chitin and ß-l,3-glucan contribute to the rigidity of the cell wall (Borgia and Dodge 1992) . The presence of a-1,3- glucan has not been demonstrated before in F. oxysporum cell walls. In contrast to chitin and ß-l,3-glucan the function of a-l,3-glucan in filamentous fungi is unknown. For the fission yeast Schizosaccaromyces pombe it has been shown that alpha-glucan is essential for cell wall integrity, as mutants impaired in alpha-glucan synthase activity undergo cell lysis (Hochstenbach et al. 1998 , Katayama et al. 1999 . The glycan side-chains of Fusarium cell wall glycoproteins have been shown to contain uronic acids together with mannose, galactose and glucose (Jikibara et al, 1992) . Considering this, the proteins together with mannose, galactose and uronic acid constitute a large part of the cell wall (50-60 %). Cell walls of F. oxysporum appear to be rich in uronic acids. Compared to other Fusarium spp. (Barran et ai, 1975; Barbosa and Kemmelmeier, 1993 ) the uronic acid content is two to three-fold higher.
Cell wall structure
Electron microscopical studies show that the mature cell wall consists of two layers: an outer electron-dense and inner electron-translucent layer. This bilayered structure has been observed in other Fusarium spp. as well (Barran et ai, 1975; Barbosa and Kemmelmeier, 1993) . The electron-dense nature of the outer layer indicates the presence of proteins (Hunsley and Burnett, 1970; Klis, 1994; Gooday, 1994) . Indeed, protease treatment partially removed this layer and caused a strong reduction in the signal obtained with ConA-FITC. These observations indicate that the electron-dense layer at the outside of the wall is enriched with glycoproteins. Chitin seems to be localized in the electron-transparent layer of the cell wall. This is concluded from the WGA labeling of the wall which only occurred after removal of the protein layer by pronase digestion or by alkali extraction. The presence of ß-l,3-glucan in the inner layer of the mature cell wall can be inferred from the X-ray diffraction study as chitin and ß-l,3-glucan were present in the alkali-insoluble wall fraction. Alkali-insolubility of ß-l,3-glucan is probably caused by a covalent linkage to chitin (Mol and Wessels, 1987, Kollâr et ai, 1995) . The fact that glycoproteins prevent labeling of the intact hyphal wall by WGA is in agreement with findings in yeast showing that the permeability of the wall is determined by cell wall glycoproteins (ZIotnik et al. 1984 , De Nobel et al. 1989 .
Cell wall glycoproteins appeared to be firmly linked to the underlying electron-transparent layer as was demonstrated by the inability of hot SDS to extract these proteins. Resistance of cell wall proteins to SDS-extraction has also been observed in cell walls of Saccharomyces cerevisiae and Candida albicans, which is caused by a linkage of these proteins to ß-1,6-glucan , Kollar et al. 1997 . Preliminary investigations showed that cell wall proteins in the cell wall of F.oxysporum also contain ß-l,6-glucan (Schoffelmeer et al, 1996) .
Hyphal tips
Infrequently hyphal tips were observed that were labelled by WGA-FITC or displayed an increased fluorescence resulting from ConA-FITC treatment (Fig 3 A and Fig 3 G) . The low incidence of these fluorescent tips can be ascribed to cessation of apical growth occurring by mechanical disturbances of the hyphae during manipulation procedures (Wessels et al. 1983 , Sietsma, 1994 and Bartnicki-Garcia, 1995 . We propose that the variable labelling of hyphal tips is caused by the infrequent presence of active growing hyphal tips. WGA-FITC labelling of hyphal tips probably relies on a characteristic feature of growing hyphal tips. At the growing hyphal tip cross-linking of wall components has not yet occurred, giving the cell wall a loose and plastic nature (Gooday 1994 , Wessels 1994 , and Sietsma 1994 . This would allow a large protein as WGA to enter the cell wall and bind to chitin. An explanation for the increased fluorescence observed after ConA-FITC labelling is less obvious. If an increase in fluorescence can be interpreted as an increased amount of ligand at this site, it suggests that an increased amount of glycoproteins is present in the cell wall of the hyphal tip.
Cell wall interaction with the host
Evidence is presented that the external layer of the F. oxysporum cell wall consists of glycoproteins. Cell wall glycoproteins determine antigenic and adhesive properties of the hyphae (Pendland and Boucias 1993; Talbot et al. 1993; Wessels 1994 and Tagu and Martin 1996) and have also been implicated as elicitors of plant defense responses (Keen and Legrand, 1980 and Roby et ai, 1985) . It has been shown that glycopeptides obtained from yeast invertase can induce a defense response in tomato cells (Basse et al, 1992) . In this respect it is interesting to determine which role Fusarium oxysporum f.sp. lycopersici cell wall glycoproteins might play in the interaction with its host tomato. At present, experiments are being performed to identify and characterize individual cell wall proteins.
